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Wnt canonical signaling as studied over the last three decades has been recognized to 
have a diverse range of functions in development and in disease. Being conserved 
between invertebrates and vertebrates the signaling molecule was shown to trigger 
events in a both autocrine and paracrine manner. As a ligand, the Wnt proteins 
interact with receptors embedded within the plasma membrane causing them to 
transmit a signal into the cells. The transmission of the signal from outside the 
membrane into the cell is mediated through a complex formation at the membrane.  In 
the absence of the ligand receptor interaction, this complex formation does not take 
place. Instead, a different molecular complex called the destruction complex forms in 
the cytoplasm and prevents gene transcriptional regulation. In the presence of the 
ligand, the membrane activation complex enables multiple interactions that favor the 
regulation of gene expression. In our study, we use the constitutive expression of 
membrane tethered GSK3 and Disheveled to deduce their function in the membrane 
activation complex. We also employ site-specific mutations and domain truncations to 
further characterize their function at the cell membrane. While membrane recruited 
GSK3 required Disheveled and Arrow to activate signaling, membrane tethered 
Disheveled did not require Arrow for the activation of signaling. Our results 
strengthen the idea that this membrane function of GSK3 and Disheveled is 
unavoidable for signal activation under wild type conditions. Other work included is a 
contribution to projects pertaining to the receptor tyrosine kinase Otk in non-
canonical Wnt signaling and the asymmetric distribution of Disheveled in fly 
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1. INTRODUCTION  
 
 
Development of organisms is a very specific process that requires the co-ordination of 
several cells and molecular mechanisms in order to build a functional organism.  
Unlike machines that function only when built, an organism functions even in the 
process of making itself (Gilbert 2010). Any error in these processes triggers 
developmental defects or neonatal disorders that can be lethal. Hence, it becomes 
important for us to understand development and its mechanisms.  
 
This understanding of development has been pursued over the years through the use 
of model organisms. The work conducted towards this thesis has been performed in 
fruit flies (Drosophila Melanogaster), a model well established for research in 
developmental biology. Despite being an invertebrate, the fruit fly has emerged a 
prominent model system because of convenience. Typically 3 mm in size, fruit flies 
are small, occupy limited lab space, exist as male and female, and are convenient to 
maintain and propagate. They also have only four chromosomes that allow easy 
manipulation and detection in the genome. Besides having up to sixty percent 
homology to the human genome, extensive studies in the fruit fly have established 
standard protocols and techniques. It is noteworthy that the most disease causing 
pathways have been established using fruit flies.  
 
1.1  Development in Fly Embryos  
Spanning over a length of 0.5 mm, fly embryos are ovoid with a predetermined 
anterior posterior and dorsal ventral axes. While the entry of sperm determines the 
axes in embryos of most other organisms, the axes determination in fly embryos are 
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activated prior to fertilization. Sperm entry in these embryos happens through a 
specific site called the micropyle. The micropyle is located towards the anterior of the 
oocyte and is thought to prevent polyspermy. After the entry of sperm the embryo 
develops to a larva through seventeen different stages. Through the seventeen stages 
(Fig 1.1), the embryo undergoes some of these basic processes (Campos-Ortega et al. 
1997) 
a) Cleavage (between stage 2 and stage 4) 
b) Formation of Synctial blastoderm and its cellularization (stage 4 and stage 5) 
c) Gastrulation and germ band extension (stage 6 to stage 9)  
d) Formation of cephalic furrow, head and neuroblast formation (stage 9 to stage 
11)  
e) Germ band retraction (stage 12 - stage 13)  
f) Dorsal closure (stage 14 - stage 15) 
g) Denticles visible, nerve cord retraction (stage 16 - stage 17)  
 
A hierarchy of gene expression determines body plan and development in fly 
embryos. Firstly, there are maternally inherited components that determine anterior-
posterior polarity in the fly embryo by forming a gradient e.g. bicoid, nanos, staufen, 
torso (Nusslein-Volhard et al. 1987). Soon after fertilization, parent nuclei continue to 
exist in the embryo without having a definite cell membrane and organelles. A 
superficial cleavage takes place in the fly embryo whereby the parent nuclei divide 
unrestricted to form roughly 6000 nuclei at stage 5 (Foe et al. 1983). This embryo 
having multiple nuclei in one cytoplasm is called the synctial blastoderm. The 
absence of cells up to the blastoderm stage allows maternal effect components to 





The distribution of the maternal effect components determines the activation or 
repression of the genes that cause the segmentation of the embryo. The genes that are 
responsible for the segmentation of the fly embryo were identified and broadly 
classified into three different classes. These include the Gap genes, Pair rule genes 
and Segment Polarity genes (Nusslein-Volhard et al. 1980). Among them, the first 
two classes of genes express up to the formation of the syncytial blastoderm whereas, 
Fig 1.1 Stages of fly embryonic development, adapted from http://www.sdbonline.org/sites/fly/atlas/ 
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the third class of genes commence expression from stage 5, after cellularisation 
(Gilbert 2010).  
 
 Gap genes are activated as an immediate consequence of the maternal affect genes.   
A mutation in a gap gene gives rise to a gap in the body plan due to loss of segments 
e.g. Kruppel, Knirps, hunchback. Similarly, Pair rule genes that pattern domains at 
intervals of roughly two segments are expressed due to varying concentrations of gap 
genes. Examples of Pair rule genes include Paired, even skipped, odd skipped, 
engrailed. Pair rule genes also determine the expression and distribution of segment 
polarity genes that constitute the third class of genes. Anterior posterior patterning 
within a segment, also called segment polarity, is initiated by the expression of these 
genes e.g. wingless, hedgehog, disheveled, patched (Nusslein-Volhard et al. 1980, 
Gilbert 2010). The anterior compartments of these segments grow actin based hook 
shaped structures called denticles. Smooth naked cuticle forms the posterior portion 
of each segment (Fig 1.2). Wingless (Wg) being a segment polarity gene helps to 
establish the naked cell fates by working in the posterior compartments while 
hedgehog (Hh), another segment polarity gene, functions to establish the denticle cell 





1.2  Wnt Signaling  
A prominent pathway involved in the patterning and development of animals is the 
Wnt signaling pathway. The signaling contributes to cell differentiation, proliferation, 
migration, polarity and patterning during development (Clevers 2006). Wnt was 
originally identified as int-1, a preferential integration site for mouse mammary tumor 
virus (MMTV) (Nusse et al. 1982). Integration of the mouse mammary tumor virus 
into this site int-1 led to the overexpression of a gene that was later identified to be the 
drosophila homolog of wingless (wg) (Rijsewijk et al. 1987) .  Since wingless was 
Fig 1.2 Segments on embryonic ventral epithelia. Cuticle as modified from (Nusslein-Volhard et al. 
1980). Within each segment the naked cuticle region has cells that do not form denticles. These cell 
fates are determined by Wnt /Wingless  
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known to regulate segmental polarity in fly embryonic development (Nusslein-
Volhard et al. 1980), the names wingless (wg) and integration site (int-1) were fused 
(wg + int1) to name the gene encoding the cysteine rich secreted protein wnt1 (Nusse 
et al. 1991). Soon epistasis studies performed with other segment polarity genes such 
as armadillo, zeste white 3, disheveled, porcupine led to the emergence of a signaling 
cascade in the fruit fly (Siegfried et al. 1992, Noordermeer et al. 1994, Peifer et al. 
1994). A previous observation that introduction of Wnt mRNA in frogs causes 
duplication of body axis served as an assay to study Wnt in frogs (Sokol et al. 1991). 
Assembling the observations made from Drosophila and Xenopus demonstrated the 
existence of a highly conserved signaling cascade now referred to as canonical Wnt 
pathway (Clevers et al. 2012). Later studies established a role for β-catenin as a co-
transcription factor (Behrens et al. 1996, Molenaar et al. 1996), the membrane protein 
Frizzled as a receptor of Wnt (Bhanot et al. 1996) and Arrow/LRP to be a co-receptor 
of Wnt (Wehrli et al. 2000). The link between the Wnt pathway and diseases emerged 
as Adenomatous polyposis coli (APC) was identified in familial cancer events and its 
interaction with β-catenin being confirmed (Su et al. 1993, Clevers et al. 2012).   
 
 
1.3  Wnt Canonical Pathway  
In the first or the more common variant of the pathway, the canonical pathway, signal 
transduction occurs with the Wnt ligand interacting with Frizzled and co-receptor 
Arrow (LRP5/6) thereby triggering a set of intricate downstream molecular events 
(Wehrli et al. 2000, Janda et al. 2012). These events promote the nuclear localization 
of armadillo/β-catenin, allowing it to act as a co-transcription factor with 
TCF/Pangolin regulating downstream gene expression. In the absence of the ligand, 
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Axin, Adenomatous polyposis coli (APC), Casein Kinase-1 CK1 and Glycogen 
synthase kinase-3, GSK3 participate in the formation of a destruction complex that 
switches off the pathway (Clevers 2006). The destruction complex performs its 
function by initiating the phosphorylation of armadillo. Casein Kinase 1, which is a 
component of the complex, phosphorylates β-catenin thereby priming it for further 
phosphorylation by GSK3 (Fig 1.3). Phosphorylation of β-catenin by GSK3 enables 
its recognition by β-Trcp and the proteasomal degradation complex that then 
ubiquitinates β-catenin and degrades it (MacDonald et al. 2009).   
 
Attempts to understand the intricacies of the signaling cascade continued to the 21st 
century where major additions were made to the existing perception of the cascade.   
With the discovery of Arrow/LRP, a co-receptor of Wnt signaling (Wehrli et al. 2000) 
(Tamai et al. 2000) many other studies followed that described potential interactions 
of Arrow. An interaction between Axin and Arrow was shown in mammalian cells 
based on FRET experiments (Mao et al. 2001). Another study established the 
interaction between Disheveled and Frizzled using NMR (Wong et al. 2003). A role 
for Disheveled in recruiting Axin to the membrane was also deciphered (Cliffe et al. 
2003). After a controversy about membrane-localized β-catenin being able to activate 
Wnt Signaling, the nuclear role for β-catenin was reassured (Tolwinski et al. 2004). 
Interestingly, it was observed that the accumulation of β-catenin correlated with 
decreased levels of Axin in GSK3 mutants, suggesting that decreased levels of Axin 
favor signaling despite the absence of GSK3. A regulatory mechanism independent of 
GSK3 was predicted (Tolwinski et al. 2003). These advancements led to the proposal 
of a mechanism of Wnt signaling where Axin was suggested to be the limiting 
reactant (Tolwinski et al. 2004). A major advancement showed the positive role for 
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GSK3 in phosphorylating Arrow and thus enabling the recruitment of Axin to the 
membrane (Tamai et al. 2004, Zeng et al. 2005). These developments resulted in the 
existing model of Wnt canonical signaling. According to the current model, the 
binding of the ligand to its receptor Frizzled, and co-receptor Arrow results in a 
phosphorylation of Arrow by GSK3. This phosphorylation occurs at the PPPSPxS 
motifs of Arrow thereby resulting in a conformation change. The conformation 
change in the intracellular region of Arrow allows its interaction with Axin. In the 
presence of the ligand, GSK3, Disheveled and Axin are all at the membrane arranging 
for the transmission of signal through the membrane (Fig 1.3). The molecules along 
with the receptors constitute what we think of as a membrane activation complex.  
 
Chapters 3 and 4 in this thesis are work done to promote better understanding of the 
membrane activation complex by discerning the mechanisms of GSK3 and 





Fig 1.3 Canonical wnt signaling as modified from (Clevers et al. 2012) 
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1.4  Non-canonical signaling  
Alignment of cells in a tissue is determined in a very precise manner. In the context of 
epithelial cells, the cells have an innate apical basal component distribution that 
allows them to be incorporated into the tissue accordingly (Alberts 2008). However, 
the positional information in the plane of the tissue to create reproducibly, a definite 
orientation and structure is given by the planar cell polarization or PCP. Planar cell 
polarization was first observed in insects Oncopeltus fasciatus and Drosophila 
melanogaster. PCP in fruit flies can be observed in the compound eye of the fly, wing 
bristles, denticles of the embryo etc. Genetic screens in the fruit fly have helped 
delineate the most important PCP factors. Co-relating the observed abnormalities to 
the mutations, the core PCP factors were identified in the fruit fly. Surprisingly, these 
genes being highly conserved, not only regulated planar cell polarity in the fly but 
also in vertebrates. With Frizzled (Fz) being a common core component the pathway 
came to be known as the Fz/PCP pathway. Unlike the canonical Wnt pathway in flies, 
the Fz/PCP signaling works independently of Wnt/Wg. Among the core PCP 
components Frizzled, Strabismus (Stbm) and Flamingo (Fmi) are membrane proteins.  
Disheveled (Dsh), Prickled (Pk) and Diego (Dgo) are cytoplasmic proteins that 
associate with the membrane when the signaling is active. Genetic studies in 
Drosophila indicate that prickle and strabismus work antagonistically to frizzled, 
disheveled and diego. It is speculated that the consequence of these interactions 
promotes a different set of downstream activities in a tissue specific manner (Seifert 
et al. 2007).  In general the Fz/PCP pathway acts by polarizing cells along an axis 
with the components of the pathway being distributed asymmetrically. A consolidated 
theme of the Fz/PCP is polarization within cells (Fig 1.4).   
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Not limited to epithelial cells, the phenomenon was also observed in mesenchymal 
cells (Yang et al. 2015). Besides being implicated in mitotic spindle orientation, the 
pathway was also suggested to have a role in convergent extension movement 
(Bellaiche et al. 2001, Mlodzik 2002, Myers et al. 2002, Strutt 2003, Bellaiche et al. 
2004, Goldstein et al. 2006). Though Fz/PCP is Wnt independent in the fly, some 
components contributing to PCP have been found to be responsive to Wnt ligands. By 
and large these components signal through other Wnt ligands but not through co-
receptor Arrow/LRP. Hence, Wnt signaling through receptors other than Arrow/LRP 







Fig 1.4 Planar cell polarity. An illustration as modified from (Marcinkevicius et al. 2009) 
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1.4.1  Disheveled localization in Neuroblasts  
Fly embryonic neuroblasts emerge at stage 9 of Drosophila embryonic development.  
After germband extension is complete, neuroblasts delaminate from the ectoderm and 
move inwards. Being stem cells for the fly central nervous system they divide 
asymmetrically giving rise to a neuroblast and a ganglion mother cell (GMC). GMCs 
further divide to give neurons or glia. Early studies suggested that Wg specifies the 
formation of neuroblasts and their number (Chu-LaGraff et al. 1993). During mitotic 
cell division, neuroblasts orient their spindle to divide along the apical basal axis. This 
promotes the daughter GMC to migrate basally inwards into the embryo whereas the 
neuroblast is retained just below the epithelium. This change in spindle orientation 
was not observed in cultured neuroblasts suggesting that extrinsic cues from the 
surrounding ectoderm could stimulate this orientation (Siegrist et al. 2006). It was 
further speculated that the PCP pathway played a role in determining asymmetry of 
this cell division.  
 
 In C.elegans, MOM-5 frizzled was shown to regulate distribution of disheveled in 
neuroblast asymmetric divisions (Hawkins et al. 2005). This study shows that worms 
mutant for MOM-5 frizzled or disheveled do not have asymmetry in cell division. 
These studies have largely suggested an asymmetric distribution of Disheveled in 
neuroblasts but this has not been shown because of Dsh being a cytoplasmic protein. 
We also believe that the migration of the neuroblasts inwards from the neuroectoderm 
is dependent on the localization of Dsh. Our observations and possible approaches 





1.4.2  Non -canonical signaling through Off-Track (Otk)  
PTK7 is a receptor tyrosine kinase that was identified as deregulated in cancer. A high 
throughput screen for all the tyrosine kinases in human cancers lead to observation 
that PTK7 is one among the deregulated factors (Muller-Tidow et al. 2004). Orthologs 
of PTK7 were characterized in Xenopus, Drosophila, chick and hydra. Its function has 
been reported in multiple contexts such as endothelial cell migration, neural crest 
migration, neural tube closure etc. Mutation in PTK7 has been demonstrated to yield 
defects in convergent extension and cell polarity in vertebrates (Lu et al. 2004, 
Wehner et al. 2011). Though the fly orthologue of PTK7, Otk, was reported to 
participate in neural connectivity and axon guidance, its role in PCP was not reported 
in the fly (Winberg et al. 2001, Cafferty et al. 2004). The role of PTK7 in non-
canonical Wnt signaling has remained a mystery also due its dead kinase domain. The 
dead tyrosine kinase homology domain lacks amino acids for catalytic activity. 
However, recent studies have shown that the PTK7 recruits Disheveled to the 
membrane in neural crest migration through its kinase homology domain (Shnitsar et 
al. 2008). Since PTK7 was known to interact with RACK1 and PKC (Wehner et al. 
2011), and RACK1 inhibits Wnt canonical signaling (Li et al. 2011) a study was 
shown where PTK7 or Off-Track with RACK1  could also antagonize canonical Wnt 
signaling (Peradziryi et al. 2011). 
 
The effect of non-canonical PCP signaling through its fly ortholog Off-Track, was 
recently characterized (Peradziryi et al. 2011). Although previous studies have shown 
that the Wnt4 shows opposing effect on Wg signaling (Fig 1.5), the study managed to 
show that by expressing Wnt4 and Otk uniformly in the embryo there was a complete 
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lack of Wg activity. This embryo showed a phenotype where all the ventral epithelial 
cells developed denticles. This ascertained that Wnt4 was indeed the ligand for Otk 
and that Wnt4/Otk was an alternative branch of non-canonical signaling that 
antagonized canonical Wg signaling (Peradziryi et al. 2011).  Questions regarding the 
biochemistry of the receptor such as the possible phosphorylation sites and their role 
in determining interactions are yet unanswered. The approach to this problem is 






Fig 1.5 Wnt/PTK7 non-canonical signaling attenuates Wnt/β-catenin pathway in zebrafish 
(Hayes et al. 2013)  
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 2. MATERIALS AND METHODS 
 
2.1  Fly Crosses 
The dominant female sterile technique (Chou et al. 1992, Griffin et al. 2014) was used 
to make maternal and zygotic mutants of wingless, disheveled, arrow and zeste white 
3. The details of the mutants can be obtained from flybase.bio.indian.edu. For the 
FRT-FLP recombination to take place, all X-chromosome mutants used FRT-101 
except Dsh, which had FRT 18E. Arrow mutants on the second chromosome had G13 
FRT. For expression using GAL4-UAS system (Brand et al. 1993), two ubiquitous 
drivers were used for expression of transgenes: the armadillo-GAL4 and daughterless-
GAL4: 
A list of crosses conducted towards the GSK3 study are as from (Mannava et al. 
2015):  
1 zw3M11-1 FRT101/ovoD1 FRT101; arm-Gal4/+ females x UAS-myr-GSK3 
2 zw3M11-1 FRT101/ovoD1 FRT101; arm-Gal4/+ females x UAS-GSK3 
3 zw3M11-1 FRT101/ovoD1 FRT101; arm-Gal4/+ females x UAS-GSK3 KK-MI 
4 zw3M11-1 FRT101/ovoD1 FRT101; arm-Gal4/+ females x UAS-myr-GSK3 
KK-MI 
5 armF1a FRT101/ovoD1 FRT101; arm-Gal4/+ females x UAS-myr-GSK3 
6 armXM19 FRT101/ovoD1 FRT101; arm-Gal4/+ females x UAS-myr-GSK3 
7 armO43A01 FRT101/ovoD1 FRT101; arm-Gal4/+ females x UAS-myr-GSK3 
8 dshV26 FRT18E/ovoD2 FRT18E; arm-Gal4/+ females x UAS-myr-GSK3 
9 arr2 FRTG13/ovoD1 FRTG13; da-Gal4/+ females x arr2/+; UAS-myr-GSK3 
10 wgIG22, Arm-Gal4/+ x wgIG22; UAS-myr-GSK3 
Phenotypes were observed for more than 100 embryos from each cross.  
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Crosses conducted towards the membrane bound disheveled study (chapter 4) and for 
the neuroblast study (chapter 5) are as follows:   
1 arr2 FRTG13/ovoD1 FRTG13; da-Gal4/+ females x arr2/+; UAS-myr-Dsh  
2 arr2 FRTG13/ovoD1 FRTG13; da-Gal4/+ females x arr2/+; UAS-Dsh 
3 arr2 FRTG13/ovoD1 FRTG13; da-Gal4/+ females x arr2/+; UAS-myr-
DshΔDIX 
4 arr2 FRTG13/ovoD1 FRTG13; da-Gal4/+ females x arr2/+; UAS-myr-
DshΔPDZ 
5 arr2 FRTG13/ovoD1 FRTG13; da-Gal4/+ females x arr2/+; UAS-myr-
DshΔDEP 
 
2.2  Fixations, Antibody Staining and Imaging  
Embryos were heat fixed and collected from a heptane methanol mix (Muller et al. 
1996). This method allows us to stain for membrane of cells effectively as compared 
to formaldehyde fixations. Embryos were also fixed using paraformaldehyde 4% 
according to (Tolwinski et al. 2001) for studying neuroblasts. Primary antibodies 
against Armadillo, phospho-tyrosine, β-tubulin, phosphohistone and HA tag were 
used for staining. Alexa-Fluor antibodies were used for secondary staining. Staining 
and imaging were performed as described in (Colosimo et al. 2006). Images of 
neuroblasts were taken using LSM510 at Centre for Bioimaging Sciences (CBIS) at 






2.3  Western Blotting  
Fertilized embryos were collected at suitable developmental stage and lysed in NET 
buffer containing 50mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 1mM EDTA, 10% 
glycerol and Roche complete mini protease. Extracts obtained out of embryo lysis 
were resolved using SDS PAGE and blotted using suitable antibodies (Mannava et al. 
2015) as described in (Tolwinski et al. 2004).   
  
2.4  Cloning of UAS constructs  
Myristoylated constructs for Disheveled and its individual domain truncations were 
made by adding a sequence identical to the N-terminus of src 
(MGNKCCSKRQGTMAGNI) to the N-terminus of Dsh and its truncations by PCR. 
The sequence has previously been shown to effectively target Arm, Axin and GSK3 
to the membrane (Tolwinski et al. 2004, Tolwinski 2009, Mannava et al. 2015). 
Truncation lengths were decided according to the domain boundaries for Disheveled 
(Dsh) obtained from UniProt. The amplicons were first cloned into an entry vector 
from the pENTR/D-TOPO kit (Invitrogen). After verification using sequencing, the 
amplicons were recombined into a destination vector pUAS with a C-terminal 3X HA 
tag using LR clonase (Invitrogen).   
 
2.4.1  Cloning Otk constructs into FLAG tagged vectors  
Cloning of full length Otk and its intracellular region into pAWF having a C-Terminal 
3XFlag was performed using a LR clonase ii (Invitrogen). Colony PCR was used to 





2.4.2  Making Crispr/Cas knockout of Otk in Drosphila 
To make a Crispr mutant of Otk, gRNA sequence specific to Otk was identified using 
flyCRISPR target finder available here http://flycrispr.molbio.wisc.edu/tools. Sense 
and anti-sense strands of the gRNA were annealed and cloned into pCFD3, a suitable 
plasmid for the ubiquitous expression of gRNA. The clones were injected into flies 
and marker assisted selection of flies enabled crossing of selected flies to Cas9 lines 
obtained from Bloomington fly stocks.   
 
2.5  Cuticle preparations  
Embryos were dechorinated by bleaching up to 5 minutes. These embryos were then 
mounted on a slide with Hoyer’s Media (Stern et al. 2011). Slides were then heated up 















3. MEMBRANE BOUND GSK3 ACTIVATES WNT SIGNALING 
            THROUGH DISHEVELED AND ARROW 
 
As described previously, Wnt canonical signaling is a complex cascade of events 
from outside the membrane into the nucleus. Since the uncovering of the dual kinase 
function of GSK3 and CK1 was recognized, the membrane proximal events of 
signaling came to be of more interest. This function of GSK3 was deciphered using a 
membrane tethered GSK3 in Xenopus and 293T cells (Tamai et al. 2004, Zeng et al. 
2005). The finding diminished the gap between binding of ligand and the destruction 
complex. However, the cycling of GSK3 between the cytosol and membrane, its 
functioning criteria at the membrane, and the formation of a membrane activation 
complex in signal activation needed to be validated.  
 
To understand the functioning of GSK3 in the membrane activation complex, we use 
a membrane tethered GSK3 in our study to show that it activates signaling. Also, we 
analyze the position of membrane bound GSK3 as compared to the unbound GSK3.  
 
3.1  Membrane bound GSK3 activates signaling  
We used the traditional GAL4-UAS system to express membrane bound GSK3 in fly 
embryos (Brand et al. 1993). We tether GSK3 to the membrane using a N-Terminal 
myristoylation (as in Src) (Tolwinski 2009). Consequently, we observed that the 
ventral epithelium of the embryo makes more cells that adapt a naked cuticle 
phenotype suggesting an activation of Wg signaling. Whereas, overexpression of wild 
type GSK3 in embryos does not cause any change in ventral epithelial patterning 
because of abundant maternal mRNA (Bourouis 2002). Comparing the two, we 
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inferred that myr-GSK3 activated signaling downstream of the membrane (Mannava 
et al. 2015).  
 
In order to ensure the expression level of our constructs UAS-GSK3-HA, myr-GSK3-
HA was comparable and that they overexpressed protein, embryonic lysates were 
analyzed using Western blots. From our blots we observed that the constructs were 
indeed expressed and that the exogenous protein levels were similar to that of the 
endogenous GSK3. An indication of activation, embryos expressing myr-GSK3 
showed higher levels of armadillo as compared to those over expressing GSK3 (Fig 
3.1). 
 
We also used a membrane bound kinase dead GSK3 generated by mutating the 
residues from the ATP binding domain (KK83-84MI). As per our expectations, this 
version of membrane bound GSK3, did not activate signaling and also did not rescue 
GSK3 mutants (Fig 3.1). Ventral epithelia of embryos expressing the membrane 
bound kinase dead GSK3 formed denticles similar to wild type GSK3. This 




3.2  Membrane bound GSK3 functions downstream of Wnt  
 We performed epistasis experiments to study the position of myr-GSK3 with respect 
to Wnt. We noticed in Wnt mutants that membrane bound GSK3 showed no change 
in ventral epithelial pattern while its kinase dead and wild type counterparts showed 
the wingless phenotype (inactivation of signaling, Table 1).  
Fig 3.1 Membrane bound GSK-3 increases embryonic levels of Arm. 
(A) Western blot comparing total Arm protein levels between five embryos expressing 
myr-GSK-3 and 5 wild-type embryos. (B) Western blot comparing total GSK-3 protein 
levels. Higher band represents expressed GSK-3 as this has a 3XHA tag, making it 
slightly larger than the endogenous GSK-3 directly below. (C) Cuticle of embryo 
expressing myr-GSK-3 kinase dead variant using ArmGal4. (D) Cuticle of embryo 
expressing myr-GSK-3 kinase dead variant using ArmGal4 in an embryo maternally 




Table 1 shows the crosses conducted, number of embryos assessed from each cross and phenotype observed Reproduced from (Mannava et al. 2015) 
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3.3  Membrane bound GSK3 requires Arrow for signaling  
As discussed above, GSK3 phosphorylates Arrow when the signaling is active. 
Phosphorylation of arrow in turn creates binding sites on itself for Axin thereby 
preventing the formation of the destruction complex. Since embryos expressing 
membrane bound GSK3 have GSK3 enriched at the membrane, we performed 
experiments where the position of myr-GSK3 can be determined with respect to 
Arrow. We expressed membrane tethered GSK3 in maternal and zygotic mutant of 
arr (dominant female sterile germline clones) (Griffin et al. 2014). Mutations in arr 
give a strong wingless phenotype where the ventral epithelia of embryo give an all 
denticle phenotype (Wehrli et al. 2000). We noticed that the expression of myr-GSK3 
in arr mutants did not result in any change. Since Arrow mutants show an inactivation 
of signaling with endogenous GSK3 as well as with myr-GSK3, Arrow is a must for 
the membrane bound GSK3 to activate signaling (Table1).  
 
3.4  Membrane bound GSK3 requires Disheveled for signaling 
In a similar set of experiments as above, we expressed membrane bound GSK3 in 
disheveled germline clones. Since Disheveled is known to transmit the signal across 
the membrane in the Wnt pathway (Noordermeer et al. 1994, Wong et al. 2003) we 
expressed Myr-GSK3 in disheveled null embryos to check for its upstream activity.   
 
We observe that in disheveled mutant embryos, signaling inactivation takes place as 
the ventral epithelial cells take to form a lawn of denticles. Expression of membrane 
bound GSK3 in disheveled mutant embryos also failed to activate signaling. 
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Therefore, our experiments prove that the membrane function of GSK3 is also 
dependent on Disheveled (Table 1).   
 
These results have been documented and published as in (Mannava et al. 2015)  
 
3.5  Discussion  
In this study we have managed to discern the functions of GSK3 at the membrane as 
well as comparing it with its established function as a component of the destruction 
complex. We also show that membrane bound GSK3 requires Disheveled and Arrow 
for activation of signaling. This strengthens the fact that though GSK3 phosphorylates 
Arrow at the membrane, this alone cannot activate signaling. Our study also shows 
that the co-receptor Arrow is indeed a substrate for GSK3 and that membrane 
function of GSK3 is conserved between invertebrates and vertebrates. However, the 
falling apart of the destruction complex and its rearrangement to form a membrane 
activation complex occurs still remains a mystery.  
 
Disheveled is a protein that interacts with Frizzled and Axin through its domains.  
Activation of signaling causes the formation of a membrane activation complex in 
which the ligand binds its receptors outside the cell. The intracellular interaction of 
Frizzled and Disheveled, Disheveled and Arrow through Axin keeps the membrane 
activation complex intact. Taking together the interactions outside and inside the cell, 



















Fig 3.2 Membrane activation complex showing formed up on signaling activation.  While 
Dsh is the yellow protein with DIX, PDZ and DEP domains, Axin is depicted in green 




4. CANONICAL WNT SIGNALING THROUGH MEMBRANE TETHERED 
            DISHEVELED  
 
Although disheveled was initially characterized in mutants showing disruptions in 
hair and bristle polarity, the gene was later found to contribute to segment polarity 
(Fahmy 1959, Perrimon 1987). Epistasis based experiments using different 
Drosophila tissues established dsh to be involved in canonical Wnt signaling and 
eventually in frizzled dependent PCP. Disheveled is a scaffold protein with highly 
conserved domains that bring other proteins together. Disheveled has been shown to 
drive canonical Wg signaling by promoting the phosphorylation of Arrow and 
recruiting Axin to the membrane (Cliffe et al. 2003, Bilic et al. 2007). Both Arr and 
Dsh are positive components, meaning that arr and dsh mutants show a lawn of 
denticles while overexpression of dsh and arr promotes signaling in a ligand 
independent fashion producing expanded smooth cuticle (Wehrli et al. 2000).    
 
4.1  Membrane tethered Disheveled activates signaling in arrow mutants  
Previous studies have shown that over expression of Disheveled does not activate 
signaling in arrow mutants (Metcalfe et al. 2010). Since Arrow alters conformation to 
recruit Axin to the membrane (Tamai et al. 2004, Mannava et al. 2015), the 
recruitment of Disheveled to the membrane may be considered vital because of its 
interaction with Frizzled and Axin (Wong et al. 2003, Fiedler et al. 2011). This 
suggests an unproven role for Arrow in recruitment of Disheveled to the membrane. 
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In our study we investigate the role for Disheveled in the membrane activation 
complex (Fig 3.2).   
 
To test if recruitment of disheveled is crucial for signaling, we made membrane 
tethered constructs of full length disheveled (MyrDsh) and overexpressed them in 
wild type embryos. Using a N-terminal Src Myristoylation tag to membrane tether 
Disheveled and a GAL4-UAS system we saw in wild type embryos that membrane 
tethered disheveled activates signaling. There was an expansion in the smooth cuticle 
region similar to that in embryos overexpressing wild type disheveled (Fig 4.1).  
Since membrane tethered disheveled behaved similar to wild type disheveled, we 
proceeded to see if membrane proximity enables upstream activity of disheveled. We 
performed an epistasis study by expressing membrane tethered disheveled in maternal 
and zygotic arrow mutants. Screening through over hundred embryos, we concluded 
that membrane tethered disheveled is able to activate signaling and rescue maternal 
and zygotic arrow mutants while un-tethered Dsh does not (Fig 4.2).  
 
 
We then took a structure function approach (Fig 4.3) to investigate the effect of 
individual domains of disheveled in the membrane proximal activation complex. We 
Fig 4.1 MyrDsh activates signaling in wild type embryos. Cuticle preparations of A) wild type 
embryo expressing UAS-Dsh resulting in expansion of naked cuticle causing loss of one or two 
rows of denticles  B) wild type embryo  expressing UAS-MyrDsh showing signalling activation 
phenotype c) Wild type embryo showing six rows of denticles. 
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made membrane tethered constructs of individual domain truncations of disheveled 




4.2  DIX domain of Disheveled is required for signaling  
According to studies performed previously the N terminal DIX domain of Disheveled 
that recruits Axin to the membrane, is required for signaling. These studies show that 
DIX domain deletions are dominant negative (Metcalfe et al. 2010). Since we 
observed a signaling activation with membrane tethered disheveled in wild type and 
arrow mutant embryos, we overexpressed a membrane tethered disheveled with a N-
terminal DIX domain deletion in both wild type and arrow mutants. However, in both 
cases we saw no activation of signaling. This was observed as most cells of the 
ventral epithelia made denticles in either case (Fig 4.4, Table 2). Not only does this 
Fig 4.2 MyrDsh rescues Arrow mutants by activation of signaling. Cuticle of A) M/Z arrow mutant 
expressing UAS-Dsh and showing a lawn of denticles without activation of signalling B) Arrow 
(M/Z) mutant expressing Myr-Dsh showing an activation of signalling and thus a rescue in 
patterning C) An arrow (M/Z) mutant showing the wingless phenotype.  
Fig 4.3 Individual Domain truncations of Disheveled  
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validate the idea of DIX domain deletion acting as a dominant negative, this adds to 
reinforce the idea of Axin being the boundary parameter in the membrane proximal 
activation complex. Since membrane bound disheveled without N-Terminal DIX 
domain cannot recruit Axin to the membrane, free Axin can form the destruction 
complex resulting in signaling inactivation.  
 
4.3  PDZ domain of Disheveled is required for signaling  
Previous NMR based studies have shown that the PDZ domain of disheveled interacts 
with Frizzled and this allows for signal transduction (Wong et al. 2003). To study 
how the PDZ domain functions in the membrane proximal activation complex, we 
made a membrane tethered construct of disheveled without its PDZ domain. When 
Fig 4.4 DIX and PDZ truncated Myr Dsh in wild type and arrow mutants A) shows cuticle of 
UAS- MyrDsh(DIX) in wild type embryos, producing more ectopic denticles due to signalling 
inactivation.B) Cuticle of  wild type embryos expressing UAS-MyrDsh(PDZ) giving 
approximately wildtype phenotype. C, D) Arrow null embryo expressing UAS-MyrDsh(DIX) 
and UAS-MyrDsh(PDZ) showing no activation of signalling and hence the wingless phenotype. 
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overexpressed, we observed that, although the membrane tethered PDZ deletion was 
able to weakly activate signaling in wild type embryos, it did not activate signaling in 
arrow mutants (Fig 4.4, Table 2). From our above experiment with N-terminal 
truncation it could be that the N-terminal DIX domain interaction with Arrow through 
Axin is required to stabilize the interaction between Frizzled and the PDZ domain of 
Disheveled.   
 
  ArmGal Arrow (M/Z)  
UAS-Dsh Naked N>100 Wg N>100 
UAS-MyrDsh Naked N>100 Naked N>100 
UAS-MyrDsh(ΔDIX) Wg N>100 Wg~50% N=288 




4.4  DEP domain of Disheveled in signaling  
The C-terminal DEP domain of disheveled has been largely studied in the context of 
planar cell polarity. Its interaction with the membrane phospholipids has been 
demonstrated before in the context of Fz/Dsh PCP (Simons et al. 2009). In higher 
organisms the C-terminal of Dsh is said to interact with Frizzled along with the PDZ 
domain in Wnt/β-catenin signaling (Consonni et al. 2014). A recent study has also 
demonstrated that the phosphorylation of the DEP domain is crucial for its function in 
PCP (Yanfeng et al. 2011). It thus remains to be understood in the context of 
canonical Wnt signaling, in Drosophila. 
Table 2.  Fly crosses executed, phenotypes obtained and number of cuticles observed.    
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As before, we are expressing a membrane tethered Disheveled lacking its C-terminal 
DEP domain in wild type and Arrow mutants (M/Z). We speculate that the absence of 
the DEP domain has no affect on signaling and that its role is essentially to enable 
membrane recruitment of Disheveled up on signaling activation. These experiments 
are currently in progress and will soon be available for publication.  
 
4.5  Discussion  
Two decades after the identification and characterization of Disheveled, the molecular 
mechanism by which it acts to transmit signal from the membrane to the cytoplasm is 
uncertain (Klingensmith et al. 1994, Mlodzik 2016).  
 
Even though previous experiments have shown that the N-terminal acts to recruit 
Axin to the membrane and interacts with Arrow through Axin, the role of Arrow in 
recruiting Disheveled to the membrane was not demonstrated. Also, a role for C-
terminal DEP domain of Disheveled in canonical signaling was not studied closely.   
 
Taking things together the membrane activation complex consists of five proteins – 
Frizzled, Arrow, GSK3, Axin and Disheveled wherein the phosphorylation of arrow 
by GSK3, changes its conformation to bind Axin recruited to the membrane through 
the N-terminal DIX domain of disheveled. The recruitment of disheveled to the 
membrane up on this phosphorylation event, however, relies on its C-terminal DEP 
domain. Thus, Disheveled prevents formation of the destruction complex through its 
N-terminal DIX domain, promotes signaling via its PDZ domain and probably utilizes 
its C-terminal DEP domain to get recruited to the membrane.  
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Our study gives a mechanistic explanation and justification for Disheveled being the 

























5. PROJECTS PERTAINING TO NON-CANONICAL SIGNALING  
 
5.1  Wnt4/Otk Signaling  
Previous studies have shown that Otk (Off-track), an ortholog of PTK7 in fruit flies is 
capable of acting as a co-receptor for Wnt non-canonical signaling pathway. It has 
also been demonstrated that Otk interacts with Disheveled for its function in the non-
canonical pathway (Peradziryi et al. 2011). Since off-track has a functionally dead 
kinase homology domain, it is unclear how this region recruits Disheveled for its 
activity (Shnitsar et al. 2008). Also, being a member of the receptor tyrosine kinase 
family, it becomes important to understand the phosphorylation sites of the receptor 
and the functional significance of phosphorylation.  
 
5.1.1 Identification of phosphorylation sites of Otk  
In order to identify and characterize the phosphorylation sites on Off-track, an 
experimental strategy was proposed. The strategy involves the usage of S2 cell culture 
to express Otk and its intracellular domain followed by the usage of mass 
spectrometry for identification of phosphorylation sites. A functional study involving 
the expression of mutated phosphorylation sites in Otk knockouts was also discussed. 
Firstly, full length Otk and its intracellular domain were inserted into an insect cell 
culture vector having C-terminal FLAG tag. Guide RNA (gRNA) with sense strand 
5’GTCGGGATCAGCCGGATGTTGC3’ and antisense strand 
5’AAACGCAACATCCGGCTGATCC 3’ were cloned into pCFD3 for the making of 




5.2  Asymmetric distribution of Disheveled in embryonic neuroblast division  
Embryonic neuroblasts are early neural stem cells that emerge after germ band 
extension completes. They are known to delaminate from the ectoderm and migrate 
into the embryo establishing apical basal polarity. Delamination and directional 
migration of neuroblasts is determined by Wg signaling (Chu-LaGraff et al. 1993).   
Neuroblasts are known to divide in an asymmetric fashion thereby producing a 
neuroblast and a ganglion mother cell (GMC). During this asymmetric division, the 
spindle is aligned along the apical basal axis (Siegrist et al. 2006). Previously frizzled 
has been implicated in spindle orientation of sensory organ precursor (SOP) cells 
during asymmetric cell division(Bellaiche et al. 2001). Also, another component of 
the Fz/PCP pathway, strabismus was shown to promote asymmetry in SOP cells 
(Bellaiche et al. 2004). This suggested the involvement of Fz/PCP pathway in 
asymmetric cell divisions. Since epithelial cells in Drosophila have been observed to 
show unipolar localization of disheveled promoting Fz/PCP signaling (Axelrod 2001), 
we hypothesized that disheveled is asymmetrically distributed in neuroblasts.   
 
5.2.1  Disheveled is asymmetrically distributed in neuroblasts  
To test our hypothesis, we expressed membrane tethered full length disheveled in 
wild type embryos. Membrane tethering was used as a tool to observe Disheveled 
localization that is otherwise a cytoplasmic protein. We collected embryos at suitable 
time points to stain and image neuroblasts. We observed that full-length membrane 
tethered disheveled is asymmetrically distributed localizing apically in neuroblasts.  
We also went one step further to observe the localization of Disheveled in dividing 
neuroblasts. We observe again, that Dsh is indeed apically localized (Fig 5.1).  
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5.2.2  DIX domain of Disheveled contributes to asymmetry 	
To further understand the region of disheveled responsible for this asymmetric 
localization, we used membrane tethered disheveled with individual domain 
truncations from above.  Embryos expressing these truncations were fixed at suitable 
intervals, stained and imaged. While full-length membrane bound disheveled 
localized to the apical side and was distributed asymmetrically during division, 
truncations of the N-terminal DIX domain resulted in loss of asymmetry (Fig 5.2).  
Previous studies have shown that there is an interaction between the N terminal DIX 
domain of disheveled and an apical basal polarity determinant, Lethal giant larvae 
(Lgl). Recently mutations in Lgl and Dsh were shown to abrogate asymmetry in 
Drosophila embryonic ventral epithelia. Our result is therefore consistent with the 
idea that Dsh-lgl interactions mediated through DIX domain of disheveled promote 
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Fig. 5.1 MyrDsh localizes apically in neuroblast. Paraformaldehyde fixed embryos stained 
for MyrDshHA (GFP)/phospho-histone(pHis in RFP) show that MyrDsh is apical during 
prophase, metaphase and during division. Also, pHis stains only for nuclear material can be 
seen in all stages.  Asterisk is used to indicate the apical side of the neuroblast. Arrow is 




Fig. 5.2. The picture above shows neuroblasts of embryos 
expressing Myr-DshΔDIX-HA. The embryos were stained for 
HA and DAPI. It is observed that in the absence of the DIX 
domain, myr Dsh does not localize specifically to the apical side 
of the neuroblast suggesting that it does contributes to this 






5.2.3  PDZ domain of Disheveled contributes to asymmetry  
Neuroblasts from embryos expressing membrane tethered disheveled with a PDZ 
truncation also showed loss of asymmetry. Since the PDZ domain of Dsh is generally 
observed to interact with membrane bound receptors such as frizzled, we predict that 
the receptor may be responsible for its asymmetric distribution (Fig 5.3).  
 
However, neuroblasts overexpressing membrane tethered disheveled without a DEP 
domain can be expected to show a reversal of polarity. The C-terminal DEP domain 
of disheveled is involved in polarity (Yanfeng et al. 2011) (Consonni et al. 2014). As 
we await the preliminary results of this experiment, we feel that if the C-terminal DEP 
domain of Disheveled attributes polarity to Disheveled, the lack of DEP domain can 
cause a reversal of polarity causing Disheveled to localize basolaterally.  
  
                                          
Fig 5.3 Embryos expressing Myr-DshΔPDZ-HA 
were stained for HA(GFP)and nucleus (DAPI). 
We observe that the localization of Dsh without 
its PDZ domain is not specific to the apical side 
of the neuroblast. We infer that the PDZ domain 







6. CONCLUSIONS  
 
Wnt signaling in its various forms has been a topic of interest since the identification 
of Wg in the fly (Nusslein-Volhard et al. 1980). The pathway established through 
genetic studies is implicated largely in development and disease (Clevers 2006, 
Clevers et al. 2012). Three decades after the identification of wingless, we have yet to 
determine mechanistically, the functioning of the pathway. Questions regarding the 
rearrangements involved in activation of the pathway or the falling apart of the 
destruction complex remain unsolved.   
 
Also, the non-canonical branch or the signaling has seen the identification of several 
co-receptors that attribute different functions to the pathway. The molecule 
Disheveled (Dsh) is retained in all branches of the pathway to relay the signal across 
the membrane to trigger suitable downstream events for each pathway. This function 
of the scaffold protein Disheveled remains a mystery although it has seen several 
investigations since its identification 20 years ago (Mlodzik 2016). In our study done 
towards this thesis, we have made a humble attempt to characterize the role of 
Disheveled and its domains at the membrane. We also look at it in the context of 
Fz/PCP signaling in neuroblasts as discussed in chapter 5. In this chapter, I aim to 







6.1  Membrane tethered Disheveled in Fz knockouts  
Fruit flies have been found to have four homologs of Frizzled receptors. Knockout 
mutants for these receptors are currently unavailable. These can be made using 
Crispr/Cas technique. Membrane tethered Disheveled and its individual domain 
truncations can be expressed in Fz mutant backgrounds for the study. This study 
would aim at understanding a very important question pertaining to Disheveled.  
Since, previous studies have shown that over expression of Disheveled activates 
signaling in the absence of ligand, this study would determine the importance or the 
lack of, of Fz receptors. If membrane bound Disheveled activates signaling in the 
absence of the receptor, we can then claim the requirement of the receptor in 
recruiting Disheveled to the membrane in transmission of signal. Also, this becomes 
important because we have shown that membrane bound Disheveled activates 
signaling in the absence of co-receptor Arrow. As unlikely as this appears, we cannot 
say for sure if Disheveled is the central molecule around which the pathway is 
designed. However, this study would clarify and exhaust all other possible 
assumptions in the functioning of Disheveled in association with Frizzled.  
 
6.2  A role for Disheveled in migration of Neuroblasts  
We have shown in our study that Disheveled is apically localized and asymmetrically 
distributed in the neuroblast. It is also known that the Wnt pathway in association 
with Notch pathway determines the direction of migration of the neuroblasts in a 
direction perpendicular to the neuroectoderm (Chu-LaGraff et al. 1993, Siegrist et al. 
2006).  
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Adult Drosophila studies in the eye have shown that Fz/PCP pathway plays a role in 
cell motility (Seifert et al. 2007). Constructs of dsh (similar to the ones above) driven 
by a neural specific promoter (elavGAL4) and with a C-terminal GFP tag can be used 
to perform live imaging studies to understand the effect of disheveled in neuroblast 
migration. Similarly, Otk knockouts expressing Dsh-GFP under a neural specific 
promoter can be used to study migration of neuroblasts using light sheet based live 
imaging. The live imaging experiment can be performed at CBIS using the Leica 
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